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ABSTRACT OF THESIS 
A JOINT XRF-
13
Ccarb CHEMOSTRATIGRAPHIC APPROACH
FOR CHARACTERIZING PALEO-ENVIRONMENTAL 
PROCESSES IN THE MUDSTONE-DOMINATED 
WOLFCAMP FORMATION OF WEST TEXAS 
The Late Paleozoic Ice Age represents a dynamic period in Earth system history 
recording a shift from icehouse to greenhouse conditions. Concomitant with this change 
was a series high-frequency, high-amplitude sea level fluctuations leading to the 
deposition of “Kansas type” cyclothems in the Mid-Continent, and a similar rhythmic 
expression of interbedded shales and carbonates in the Midland Basin. Stable isotope 
geochemistry is a particularly powerful tool when examining these mud-rich successions 
because changes in organic matter partitioning may be recorded first in 
13
CDIC of sea-
water and consequently in 
13
Ccarb of marine rocks. The 
13
Ccarb record may also
illuminate early and late-stage diagenetic processes and associated destruction of organic 
matter.  
This study used high-resolution x-ray fluorescence (XRF) and 
13
Ccarb
measurements to analyze paleo-environmental conditions in two cores within the 
Midland Basin Wolfcamp Formation. Using this approach, the combination of more 
positive 
13
Ccarb measurements and enrichment of redox-sensitive elements reflect
conditions more favorable for organic matter enrichment in the distal core. Additionally, 
four (<6 in.) early-diagenetic intervals have been identified representing prolonged 
periods of reduced or non-deposition based on sharp negative 
13
Ccarb excursions. These
horizons are proposed as potential chronostratigraphic tie-points between the two core 
localities.  
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1 INTRODUCTION
Located in west Texas, the Midland Basin contains a number of hydrocarbon 
producing formations and is home to one of the largest accumulations of oil and gas in 
the continental United States. One of the sub-formations within the basin is the 
Wolfcamp D Shale Unit (WCD) which is estimated to contain technically recoverable 
resources of just under 5 billion barrels of oil and 4 trillion cubic feet of gas (Gaswirth et 
al., 2016). Despite recent increased industry interest, a poorly understood stratigraphy 
has led to mixed initial production rates from this interval (Jacobs, 2013; Waite, 2014) 
and more work is needed to better understand the processes leading to the deposition of 
this formation.  
Geochemistry, in particular trace element and isotope geochemistry, is commonly 
used when studying mud-rich successions (Sageman, 2003; Rowe et al., 2012). For 
example, X-Ray fluorescence (XRF) analysis can establish a stratigraphic framework 
because changes in elemental abundances may accompany significant shifts in sediment 
provenance and paleoclimate within a basin (Ratcliffe et al., 2010). Previous studies of 
the Midland Basin WCD have used high-resolution XRF measurements to document 
cyclicity in elemental abundances associated with redox conditions and mineralogy 
(McGlue, 2015; Baldwin, 2016; Ryan, 2016). These cycles are thought to have been 
controlled by glacioeustacy during the Late Pennsylvanian and illuminate depositional 
packages which serve as the basis for lithostratigraphic correlations within the interval 
(Waite and Reed, 2014).  
Although XRF measurements can be used to illuminate paleo-environmental 
conditions, they cannot adequately capture OM flux and associated periods of elevated 
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organic matter (OM) preservation and destruction within a basin. This is important from a 
stratigraphic standpoint because changes in OM partitioning may mark prominent 
chronostratigraphic boundaries within the basin (Scholle and Arthur, 1980).  
One technique that can help measure OM partitioning is the use of inorganic 
carbon isotope ratio (
13
Ccarb). Periods of rapid OM burial and preservation within a basin
result in increasingly more positive 
13
Ccarb values (Scholle and Arthur, 1980; Metzger,
2014). This is because the burial of 
12
C rich OM results in more positive marine 
13
CDIC
values which eventually precipitate out as 
13
C rich carbonate cements. These intervals
can be used for correlation since the ocean 
13
CDIC is well mixed and varies on short time-
scales (10
3 
yr) (Metzger, 2014).
Conversely, various diagenetic processes, including early stage microbially-
mediated diagenesis and late stage thermal diagenesis, result in the destruction of OM. 
This causes the formation of carbonate cements rich in 
12
C and the resulting more
negative 
13
Ccarb values (Irwin and Curtis, 1977; Scholle and Arthur, 1980). These
intervals can also be used for correlation depending on the type and extent of diagenesis 
present (Reis, 2018). 
Here we aim to build upon previous WCD studies by using a high-resolution XRF 
dataset integrated with 
13
Ccarb measurements, to analyze two cores in varying degrees of
proximity to carbonate build-ups within the Midland Basin. By using a joint XRF-
13
Ccarb 
approach, we will 1) test if there is a difference in the geochemical profile of WCD 
measurements between the two core localities and 2) if there exists a difference, we will 
try to determine what were physical processes within the basin that may have been 
responsible this difference. Additionally, because changes OM partitioning may mark 
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prominent chronostratigraphic boundaries within the basin, we hope to use high-
resolution carbon isotope measurements to identify stratigraphically significant surfaces 
in the WCD, augmenting traditional petrophysical methods of intra-basinal correlation.  
2 STUDY AREA 
2.1 LPIA Paleogeography 
The Midland Basin is the easternmost sub-basin of the Permian Basin (Figure 1). 
It formed during the Late Paleozoic when structural forces associated with the collision 
of Laurentia and Gondwana began to differentiate the Tobosa Basin into several 
components (Yang and Dorobek, 1995). Structurally, the basin is bound by the sharply 
uplifted Central Basin Platform to west, the Ozana Arch to the south, Horseshoe Atoll to 
the north, and the gently dipping Eastern Shelf to the east (Brown et al., 1990).  
The Late Paleozoic (~335 – 260 Ma) was a unique timeframe as a series of short-
lived (1-8 Mya) glaciation events separated by periods of reduced or ice free conditions 
significantly impacted paleoclimate (Fielding et al., 2008 a,b; Montañez and Poulsen, 
2013). A super-estuarine circulation throughout much of Laurentia during this timeframe 
was responsible for bringing preconditioned oxygen-deficient bottom waters from the 
Eastern Tropical Panthalassic Ocean (ETPO) through the Greater Permian Basin region 
towards the Late Pennsylvanian Mid-Continental Sea (LPMS) and reduced-salinity 
freshwater from major riverine sources in the hinterlands toward the ETPO (Figure 1) 
(Algeo and Heckel, 2008).  
One major consequence of this circulation was the development of a pycnocline 
which led to vertical density stratification within the LPMS and acted as a first order 
control on redox conditions during the LPIA (Algeo and Heckel, 2008). This circulation 
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also resulted in the upwelling of nutrient-rich bottom waters from the ETPO and further 
promoted anoxia and OM-rich black shale deposition in the LPMS (Heckel, 1977; Algeo 
and Heckel, 2008). In the Midland Basin, both of these factors in combination, with the 
presence of a sill restricting circulation (Algeo and Heckel, 2008), helped to promote 
benthic anoxia. 
5 
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Figure 1 Paleogeography map of Laurentia during the Late Pennsylvanian, with the 
Midland Basin highlighted by the black box. B) Super-estuarine circulation where 
reduced-salinity waters flowed offshore and preconditioned waters flowed through the 
Greater Permian Basin region towards the LPMS. Figure modified from Algeo and 
Heckel, 2008. 
2.2 Late Pennsylvanian Cycles 
Several glacioeustatic sea level fluctuations (60-150 m) during the LPIA led to 
rhythmic depositional packages in the Permian Basin, the Mid-Continent, and into the 
Appalachian Basin region (Heckel, 1977; Brown et al., 1990; Algeo and Heckel, 2008; 
Greb et al., 2008). Work done by Heckel (1977) summarizes the classical vertical 
stacking pattern observed in Late Pennsylvanian marine cyclothems of the Mid-
Continent. These regionally extensive packages can be used for correlation and consist of 
a non-marine “outside shale”, a thin transgressive limestone, a thin OM-rich “phosphatic 
core shale” deposited at peak sea level, and finally a thick regressive limestone. 
Time-equivalent depositional packages within the Permian Basin have also been 
studied. Brown et al., (1990) documented 16 major and minor depositional sequences 
during the Late Pennsylvanian-Early Permian timeframe on the Eastern Shelf, while 
Saller et al., (1999) recognized a total of 87 Late Paleozoic depositional cycles on the 
Central Basin Platform. Uranium-lead age dating done on depositional cycles in the 
Permian Basin places the average Late Pennsylvanian-Early Permian cycle at 143±64ka, 
in line with short-range Milankovich cyclicity (Rasbury et al., 1998). Although work has 
been done on shelf depositional cycles in the Permian, until recently little work had been 
done to document time-equivalent strata in the Midland Basin. 
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2.3 Midland Basin Wolfcamp D Shale Unit 
Regional petrophysical correlations and fusilinid biostratigraphy place the 
deposition of the Midland Basin WCD between 309-299 Ma, equivalent to 
Desmoinesian, Missourian, and Virgilian strata on surrounding shelf areas (Waite and 
Reed, 2014). The development of a monsoonal climate during this timeframe led to 
strong clastic sediment runoff into the basin, predominately from the north and to the east 
(Brown et al., 1990; Waite, 2014). Major carbonate sources included the sharply uplifted 
Central Basin Platform (CBP) to the west, Horseshoe Atoll to the north, Ozana Arch to 
the south, and gently dipping mixed siliciclastic-carbonate ramp in the Eastern Shelf to 
the east (Frenzel et al., 1988; Mazzullo and Reid, 1989; Brown et al., 1990) (Figure 2).  
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Figure 2 Paleogeography Map of Late Pennsylvanian Midland Basin modified from Reis, 
2018. WCD core from Midland and Upton counties are aligned axially within the basin 
and represent environments of deposition located within varying degrees of proximity to 
carbonate build-ups. 
Multi-timeframe cyclicity is evident throughout the WCD. Cyclicity on the 2
nd
order timeframe is shown in the sea level curve, with a full cycle reflecting a long-term 
transgression in the Middle Desmoinesian into maximum sea-levels in the Missourian 
and a long-term regression to end the Virgilian (Figure 3). On shorter timeframes, 3
rd
order sequences led to the deposition of OM-rich mudstones during sea-level lowstand 
and carbonate lithofacies transported in the basin during sea-level highstand (Waite and 
Reed, 2014; McGlue, 2015; Baldwin, 2016; Ryan, 2016;). This rhythmicity resulted in 
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the deposition of  the type WCD cyclothem which is 20 ft. - 30 ft. in thickness and used 
as the basis for lithostratigraphic correlation within this interval (Waite and Reed, 2014). 
Figure 3 Late Paleozoic stratigraphy of Midland Basin with an interpreted sea level curve 
(Modified from Waite and Reed, 2014). The Wolfcamp D interval is believed to have 
been deposited between 309-299 Ma; this interval is marked by high-frequency, high-
amplitude sea level fluctuations associated with the Lower Absaroka Super Sequences 
1.3 and 1.4. 
2.4 Lithofacies Description 
Baldwin (2016) and Ryan (2016) conducted high-resolution (2 in.) stratigraphic 
analysis on two Wolfcamp-D cores within the Midland Basin. Using a combination of 
XRF and petrographic analysis, rocks were separated into nine main lithofacies 
classifications: black mudrock-1 (BMR-1), black mudrock-2 (BMR-2), grey mudrock 
(GMR),  grainstone (GNST), wackestone (WKST), packstone (PKST), dolomite (DOL), 
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mixed facies (Mx), diagenetic mineralized bed (DMB), and MDST (Baldwin, 2016; 
Ryan, 2016). This study focused on BMR-1, BMR-2, GMR, carbonate dominated 
lithofacies (CARB) which include GNST, WKST, PKST, and finally DOL. 
The BMR-1 lithofacies is defined by high Si% values and low Al% and Ca% 
values. The TOC wt% measurements within BMR-1 are higher on average compared to 
any other lithofacies in the core with average values of 5.2% in Midland County and 
3.1% in Upton County. Stratigraphic features associated with BMR-1 include abundant 
phosphate nodules in hand sample and quartz-filled flattened tasmanites cysts, and 
abundant framboidal pyrite in thin section (Baldwin, 2016; Ryan, 2016). Both phosphate 
nodules and tasmanites cysts are interpreted to signify elevated primary productivity 
levels, whereas framboidal pyrite indicates deposition of BMR-1 sub-oxic to anoxic 
water column (Baldwin, 2016; Ryan, 2016). 
Another mudrock variant, BMR-2, is defined by elevated Al% and Si% values, 
and reduced TOC wt% measurements with an average 3.8% in Midland County and 2.1% 
in Upton County (Baldwin, 2016; Ryan, 2016). In hand sample, this lithofacies is 
characterized by the absence of phosphate nodules as well as increased burrows and more 
frequent fossiliferous debris in comparison to BMR-1 (Baldwin, 2016; Ryan, 2016). The 
absence of phosphate nodules within BMR-2 is interpreted to signify a decrease in 
primary production whereas an increase in burrowing and macrofossils is thought 
to signify increased oxygenation within the basin (Baldwin, 2016; Ryan, 2016). 
The GMR lithofacies, is defined high Al% values, moderate Ca% values, and low 
TOC wt% measurements with an average 1.7% of in Midland County and 1.6% in Upton 
County. Common sedimentary features within GMR include abundant and diverse 
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fragmented macrofossils as well as the presence of sharp scoured bases and normal 
graded bedding indicating a transport mechanism for GMR deposition (Baldwin, 2016; 
Ryan, 2016). 
The CARB lithofacies is characterized by elevated Ca% and reduced Al% 
measurements in comparison to GMR. In hand sample, this lithofacies is also 
recognizable by its distinct lighter grey color as well as diverse and abundant carbonate 
allochems (Ryan, 2016). Similar to GMR lithofacies, sharp scour basal surfaces and 
normal grading present within this lithofacies also indicate a transport mechanism for 
deposition (Baldwin, 2016; Ryan, 2016). 
The final lithofacies included in this study dolomite (DOL), is defined by elevated 
Ca% and Mg% measurements in comparison to the other lithofacies. In hand sample, the 
dolomite lithofacies notably lacks carbonate allochems and instead is defined by micro-
crystalline cement texture thought to have resulted from extensive microbial mediation 
(Baldwin, 2016; Ryan, 2016). Reis (2018) has since shown that at least some of these 
surfaces may have formed from later diagenetic processes. 
Table 1 Chemostratigraphic profile of lithofacies 
MIDLAND COUNTY UPTON COUNTY 
LITHOFACIES SI AL CA MG TOC SI AL CA MG TOC 
BMR-1 27.3 5.0 2.1 0.9 5.2 29.0 4.9 2.1 0.5 3.1 
BMR-2 25.6 6.4 2.3 0.8 3.8 27.1 7.0 1.0 .3 2.1 
GMR 22.7 6.0 5.2 0.7 1.7 23.0 5.8 6.2 0.3 1.6 
CARB 14.2 2.7 18.0 1.4 - 10.5 1.3 24.4 1.3 - 
DOL 10.8 3.3 17.1 3.5 0.9 7.8 1.1 23 5.4 0.4 
Table modified from measurements included in Baldwin (2016) and Ryan (2016). 
Chemostratigraphic profile of lithofacies documented in this study. All values are in 
average weight percent. (-) indicates numbers not available. 
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2.5 Depositional Model 
Previous WCD studies have proposed a number of depositional models placing 
lithofacies observed in this study within a stratigraphic framework (McGlue, 2015; 
Baldwin, 2016; Ryan, 2016) (Figure 4). In these models, the siliceous, OM-rich 
lithofacies BMR-1 was thought to have been deposited during sea-level lowstand from 
suspension settling within a productive water column (Baldwin, 2016; Ryan, 2016). A 
key point underlying deposition of BMR-1 during lowstand is that reduced precipitation 
and temperatures associated with arid lowstand conditions may have led to less density 
stratification within the basin. This would have then allowed for the upwelling of 
nutrient-rich bottom waters into the photic zone increasing productivity (Ryan, 2016).  
The BMR-2 and GMR lithofacies were thought to have been deposited with 
increasing sea level and less basinal restriction compared with BMR-1. These rocks have 
less OM on average compared to BMR-1 because of increasing carbonate and detrital 
dilution associated with their deposition. Additionally, an interpreted general 
deterioration in preservation conditions may have also led to more destruction of OM 
(Baldwin, 2016; Ryan, 2016).  
Fossiliferous carbonates (CARB) were thought to have been transported into the 
basin during sea level highstand while the dolomite (DOL) lithofacies was thought to 
have formed from extensive microbial mediation during periods of  rapid transgression 
and associated sediment starvation within the basin (Baldwin, 2016; Ryan, 2016). 
Subsequent work performed by Reis (2018) has since shown that not all the dolomite 
intervals were deposited as a result of microbial mediation during periods of basin wide 
sediment starvation.  
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Figure 4 Depositional model relating lithofacies observed within this study to relative sea 
level (modified from Ryan, 2016). The primary depositional mechanism for the siliceous 
organic matter-rich lithofacies BMR-1 and clayey organic matter-rich BMR-2 is thought 
to have been suspension settling within a productive water column. In contrast, 
calcareous lithofacies GMR and CARB show evidence for a transport mechanism leading 
to their deposition (Baldwin, 2016; Ryan, 2016). The dolomite lithofacies is interpreted 
to have formed either from extensive microbial mediation during early-diagenesis 
(Baldwin, 2016; Ryan, 2016) or subsequent later diagenetic processes (Reis, 2018). 
2.6 Materials 
Two Midland Basin Wolfcamp D cores and associated petrophysical datasets 
were used in this study. In keeping consistent with Reis (2018) we refer to core located in 
Upton County as Upton County and core located in Midland County as Midland County. 
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The Upton County Core WCD is more proximal to the Central Basin Platform and is 
characterized by thick carbonate beds and an overall higher degree of carbonate 
deposition in comparison to Midland County. The Upton County core was also closer to 
the sill, leading previous studies to propose reduced preservation conditions from 
periodic oxygenation associated with carbonate gravity flows (Reis, 2018). Additionally, 
the pycnocline at the Upton County locality may not have been as well established in 
comparison Midland County due to a possible reduction in height of the water column. 
This would lead to vertical mixing with more oxygenated waters in the photic zone 
(Heckel, 1977).  
In contrast, the Midland County core is characterized by higher mudrock 
deposition and elevated TOC wt% measurements. Carbonate beds in Midland County are 
also thinner in comparison to Upton County and typically occur as <1ft. intervals. 
Together, these cores are north-south axially aligned within the basin and separated by a 
distance of approximately 50 miles (Figure 2). 
Internally, the WCD has been divided into three different sub-units: the Upper, 
Middle, and Lower Wolfcamp D (UWCD, MWCD, LWCD) based on high-resolution 
studies previously conducted at the University of Kentucky (Baldwin, 2016; Ryan, 2016). 
This study focuses on the middle sub-unit of the WCD (MWCD) that is approximately 80 
feet in the Upton County Core and 95 feet in the Midland County Core.  
Current hypotheses support the MWCD as an interval reflecting high-frequency, 
high-amplitude glacioeustatic sea level fluctuations associated with Missourian and 
(Early) Virgilian stage deposition in the Late Pennsylvanian (Baldwin, 2016; Ryan, 
2016). In the absence of concrete age dates, the underlying assumption that glacioeustasy 
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was the primary driver of deposition during this timeframe is key to a rough age 
determination.  
A distinct shift in lithology from thick packages in LWCD to thinner packages 
and more frequent rhythmicity within MWCD may be interpreted to represent a transition 
to high-frequency, high-amplitude glacioeustatic sea level fluctuation evident in sea level 
curves for the Missourian timeframe (Ross and Ross, 1987; Waite and Reed, 2014; Ryan, 
2016). Additionally, principal component analyses performed on geochemical datasets 
from Wolfcamp D cores also supports placement within this timeframe. Increased 
cyclicity associated with redox measurements in the MWCD may reflect the increase 
seen in sea sea-level fluctuations during the Missourian timeframe (Baldwin, 2016; Ryan, 
2016). 
3 METHODS 
3.1 Stable Isotope Analysis 
Bulk carbon and oxygen stable isotope (
13
Ccarb, 
18
Ocarb) analysis on 430
Midland County samples and 225 Upton County samples were performed at the 
University of Kentucky Stable Isotope Geochemistry Laboratory (KSIGL). Samples were 
collected every two inches of using a dremel tool and sample corresponding to 0.3 g of 
inorganic carbon were weighed into Glass Exetainer Vials. Samples were then dried in an 
oven at 50°C for a period of at least 12 hours, flushed with helium to rid vials of 
atmospheric gas, and submerged in 103% H3PO4 in order to dissolve all carbonate in the 
sample and release CO2.  

13
Ccarb was measured on a ThermoFinnigan GasBench II peripheral coupled to a 
ThermoFinnigan Delta Plus isotope ratio mass spectrometer (IRMS) and is reported in 
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per mil (‰) notation relative to International Vienna Pee Dee Belemnite (V-PDB) 
standard. Instrument precision was measured using International Atomic Energy Agency 
(IAEA) standards NBS-18 and NBS-19 as well as internal check standard 915b. Both 
instrument precision and instrument accuracy for 
13
Ccarb is shown to be ± 0.2 ‰. 
18
Ocarb
measurements were obtained, though a low reproducibility within sample duplicates was 
observed. For this reason, 
18
Ocarb measurements were not included in this study.
3.2 X-ray Fluorescence 
High-resolution (2 in.) x-ray fluorescence (XRF) analysis was conducted to obtain 
elemental abundances of major and trace elements using an energy-dispersive handheld 
Bruker Tracer IV on core from Midland and Upton Counties (Baldwin, 2016; Ryan, 
2016). Redox elements Chromium (Cr), Molybdenum (Mo), Manganese (Mn), Vanadium 
(V), and Uranium (U) were normalized using the equation 2 from Little et al., (2015) and 
average crustal values from Taylor, 1964. This normalization allows for a comparison of 
elements between different lithofacies and locations where intervals with an EF > 1 are 
interpreted to be authigenically enriched in a given element, whereas intervals with an EF 
< 1 are thought to be depleted (Little et al., 2015). 
     ⁄                    ⁄                 Little et al., (2015)
The instrument precision for elements included in normalization was calculated 
using long term international carbonaceous shale standard (SARM 41) averages and is 
outlined in table 2. The low instrument precision enables a comparison between element 
concentrations at both the Midland and Upton localities. 
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Table 2  Instrument precision for select redox elements within study 
Elements Cr Mo Mn V U 
Precision 2.4 ppm 1.0 ppm 9.1 ppm 9.4 ppm 2.3 ppm 
Instrument precision for elements normalized within this study. Instrument precision is 
calculated using the standard deviation of long term SAMR averages. 
3.3 Scanning Electron Microscopy 
Scanning Electron Microscope (SEM) Images were taken using a JOEL JSM IT-
100 SEM at the University of Kentucky. Images were taken in backscatter electron (BSE) 
mode which uses electrons to probe a given surface and return a grey scale image based 
on the atomic number of minerals on the surface. In this study, BSE was used to highlight 
differences in chemical composition as well as phase boundaries within a given thin 
section. After an area was selected for image analyses, mineral identification was 
performed by zooming in on a particular region and using the energy dispersive 
spectrometer (EDS) to obtain a spectrum of element peaks that could then be used to 
identify a given mineral.   
Thin sections images were evaluated to identify diagenetic phases in strategic 
carbonate intervals with anomously negative 
13
Ccarb values highlighted by Reis (2018).
Thin sections were also evaluated in mudstone intervals to identify diagenetic phases 
within the mudstones of this study. 
3.4 Principal Component Analysis 
Principal component analysis (PCA) was conducted on the WCD interval using 
the PAST statistical software. PCA is an unsupervised machine learning technique used 
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to reduce dimensionality and account for variability within large datasets. Ryan (2016) 
used elemental abundances of major rock-forming elements (Ti, Al, K, Si, Ca) and redox 
sensitive elements (Mo, Cr, Fe, S) while Baldwin, (2016) used these elements in addition 
to magnesium (Mg) and phosphorus (P) which are interpreted to reflect diagenetic 
processes. In an attempt to keep analysis consistent between both cores, both the Midland 
and Upton County WCD intervals were re-evaluated using the elements included in PCA 
analysis from Ryan, 2016. 
4 RESULTS 
4.1 Carbon Isotopes 
4.1.1 Midland County Carbon Isotopes 
 total ofMidland County samples were analyzed for 
13
Ccarb. The 
13
Ccarb
measurements for the Midland County Core range from 1.4 to -15.6 ‰ with the bulk of 
the distribution lying between 0 ‰ and -4 ‰. Results from 108 BMR-1 
13
Ccarb
measurements yield a median value of  -1.8 ‰ with 50 percent of the data falling 
between -1.2 ‰ and -2.4 ‰. The distribution of 
13
Ccarb measurements within BMR-1
exhibits a negative skew with the differences between the most anomalous sample outlier 
and the whisker on the high and low end of the distribution at 0.5 and 6 ‰ respectively. 
The median 
13
Ccarb value for 81 BMR-2 samples is -2.3 ‰ with 50 percent of the
data falling between -1.7 ‰ and -2.7 ‰. Unlike BMR-1, the 
13
Ccarb measurements
within BMR-2 are normally distributed and are concentrated over a narrower range (~3.5 
‰) in comparison to BMR-1 measurements (~11 ‰). 
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The median 
13
Ccarb value for 208 GMR samples is -2.1 ‰ with 50 percent of the
data falling between -1.6 ‰ and -2.6 ‰. The 
13
Ccarb measurements within GMR are
normally distributed with the exception of a negative outlier of -15.5 ‰. 
The CARB & DOL group in Midland County includes 10 CARB and 22  DOL 
measurements. The 
13
Ccarb measurements within this group show a distinct negative shift
in comparison to other lithofacies with a median 
13
Ccarb value of -3.2 ‰ and 50 percent
of the data falling between -2.9 ‰ and -4.2 
13
Ccarb ‰. The distribution for CARB &
DOL also exhibits a negative skew, similar to the BMR-1 lithofacies. 
4.1.2 Upton County Carbon Isotopes 
total of 2samples were analyzed for 
13
Ccarb in Upton County. The 
13
Ccarb
measurements within the Upton County Core range from 0.8 to -12.0 ‰ with the bulk of 
the distribution lying between -1 ‰ and –3.8 ‰. Results from 75 BMR-1 
13
Ccarb
measurements yield a median value of -2.4 ‰ with 50 percent of the data falling between 
-2.1 ‰ and -2.9 ‰. Unlike the 
13
Ccarb measurements within BMR-1 in Midland County,

13
Ccarb measurements in Upton County are more closely distributed around the mean
with an exception of a negative outlier of -10.2 ‰.
The median 
13
Ccarb value for 50 BMR-2 measurements is -2.1 ‰ with 50 percent
of the data falling between -1.5 ‰ and -2.8 ‰. The 
13
Ccarb measurements within BMR-2
are normally distributed with the difference between the biggest sample outlier and the 
whiskers on high end and low end of the distribution at 0.7 ‰ and 1.7 ‰ respectively. 
The median 
13
Ccarb value for 36 GMR measurements is -2.5 ‰ with 50 percent
of the data falling between -1.8 ‰ and -3.1 ‰. The distribution of 
13
Ccarb measurements
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within GMR exhibit a negative skew with the difference between the biggest sample 
outlier and the whisker on the high and low end of the distribution at ~2 ‰ and ~7 ‰ 
respectively. 
In contrast to the Midland County core, the CARB & DOL group in Upton 
County includes 13 CARB measurements and no DOL measurements. The 
13
Ccarb
measurements within this group are slightly more positive when compared to other Upton 
County lithofacies with a median 
13
Ccarb value of  -1.4 ‰ and 50 percent of the data
falling between -.6 ‰ and -3.9 
13
Ccarb ‰. The 
13
Ccarb CARB measurements also exhibit
a negative skew in a similar manner to the GMR lithofacies. 
Figure 5 Box and whisker breakdown looking at 
13
Ccarb record at the Midland and Upton
County Localities by lithology. The median value is denoted by the black line with the 
25
th
 and 75
th
 percentile of the data represented by the edge of the boxes. The top and
bottom whisker denoting the 10
th
 to 90
th
 percentile of the data respectively. The black
circles represent the samples that are outliers to the dataset. 
4.2 Effects of OM on 13Ccarb
Measuring the inorganic carbon isotope ratio (
13
Ccarb) in a mud-rich environment
can prove challenging because samples with disproportionate amounts of organic carbon 
may have their associated 
13
Ccarb measurements altered by up to 5-6 ‰ during analysis
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(Oehlerich et al., 2013). To determine the influence of high organic carbon relative to 
inorganic carbon in these samples, a series of tests were conducted measuring 
13
Ccarb
before and after samples were roasted at 420°C overnight to remove organic carbon. 
These tests gave pre and post burn 
13
Ccarb  values within instrument error of 0.1‰,
supporting a limited influence of elevated levels of organic carbon in these samples.  
Table 3 Organic Matter Burn Test 
Sample Name Pre-Organic Matter Burn 

13
Ccarb 
Post-Organic Matter Burn 

13
Ccarb 
Sample 1 (BMR-2) -2.7 ‰ -2.7 ‰
Sample 2 (BMR-1) -1.2 ‰ -1.3 ‰
Sample 3 (BMR-1) -1.6 ‰ -1.5 ‰
5 DISCUSSION 
5.1 Controls on 13Ccarb
Eustatic sea level fluctuations control the primary 
13
Ccarb record by modulating
marine phytoplankton productivity and OM preservation conditions within a basin (Jarvis 
et al., 2002). During times of elevated primary productivity and increased preservation, 
isotopically light OM is buried, leaving the dissolved inorganic carbon (DIC) reservoir in 
seawater progressively enriched in 
13
C (Metzger, 2014). Eventually, the DIC in seawater
will precipitate out as 
13
C enriched carbonate cement and display more positive 
13
Ccarb
values in comparison to intervals exhibiting less OM burial and more destruction of OM.  
One model for OM burial within a basin occurs during rapid transgressions where 
elevated nutrient runoff leads to increases in primary productivity as well as the export 
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and preservation of OM (Jarvis et al., 2002). An alternative model occurs during sea-level 
lowstand when a weak pycnocline leads to the overturning of the water column, 
increasing productivity by bringing nutrient-rich bottom waters to the photic zone (Figure 
6) (Song et al., 2017). This model is likely similar to processes in the Midland Basin
where the upwelling of nutrient-rich bottom waters driven by reduced density 
stratification during sea level lowstand is hypothesized to have led to increased export 
and preservation of OM (Ryan, 2016) as well as elevated 
13
Ccarb measurements.
Although OM burial events may be used to guide intra-basinal correlations, early 
and late stage diagenetic processes may alter the primary 
13
Ccarb record. Reis (2018)
conducted a detailed study in an attempt to understand diagenetic processes within WCD 
carbonate intervals. In that study, early-diagenetic bacterial sulfate reduction (BSR) and 
late-stage burial diagenesis were identified as the two main diagenetic processes 
impacting 
13
Ccarb measurements in the WCD.
BSR is an early-stage diagenetic process that occurs within the first few feet of 
the sediment water interface (SWI) in sub-oxic to anoxic waters (Irwin and Curtis, 1977; 
Aplin and Macquaker, 2011). During BSR, sulfate-reducing bacteria utilize sulfate
  
to 
help carry out respiration as they decompose OM. This process leads to the precipitation 
of sulfides, iron-rich clay minerals, as well as carbonate cements enriched in 
12
C from the
destruction of OM (Irwin and Curtis, 1977; Aplin and Macquaker, 2011). WCD intervals 
interpreted to represent extended duration BSR display anomalously negative 
13
Ccarb
values as low -16 ‰ as well as abundant framboidal pyrite (Baldwin, 2016; Ryan, 2016; 
Reis, 2018).  
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Burial diagenesis, the second dominant diagenesis phase in the Wolfcamp 
Formation, is a late-stage diagenetic process that occurs at depths of about 2 km in the 
Midland Basin (Ruppel et al., 2005). Increasing temperatures and the reduction of detrital 
minerals associated with burial diagenesis promote the destruction of OM and the 
eventual formation of 
12
C rich carbonate cements (Irwin and Curtis, 1977). Additionally,
the conversion from smectite to illite during clay diagenesis releases Fe and Mg into 
porewaters, helping to form iron-rich carbonates and dolomites. In the cores within this 
study, these intervals are identified by more isotopically negative 
13
Ccarb measurements
and the presence of ferroan dolomite in thin section images (Reis, 2018).  
Methanogenesis is another bacterially mediated early-diagenetic process that has 
been shown to alter 
13
Ccarb values (Irwin and Curtis, 1977). During methanogenesis,
increasing burial and the exhaustion of sulfate within sediment column (Irwin and Curtis, 
1977; Mazullo, 2000) leads to methane generation. The isotopic composition of methane 
generated from bacterial fermentation of OM generates is extremely negative (-75 ‰PDB) 
leaving behind isotopically heavy CO2 as high as 15 ‰ (Irwin and Curtis, 1977). 
The conditions for methanogenesis are not often satisfied in pelagic sediments. 
Reduced sedimentation is often associated with sediment starvation, promoting the 
diffusion of sea-water sulfate into the sediment column (Scholle and Arthur, 1980; 
Mazzullo, 2000). This diffusion of sulfate into the sediment column then inhibits 
methanogenesis because the activity of methanogens is limited by the presence of sulfate 
(Mazzullo, 2000). Additionally, the absence of WCD sediments with 
13
Ccarb
measurements above 1 ‰ also limits evidence for methanogenic diagenetic processes 
within this study. 
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Figure 6 Modified from Song et al., 2017. Model for OM enrichment within a basin. 
Periods of maximum cooling lead to reduced stratification promoting increased 
productivity through the upwelling of nutrient rich bottom waters into the photic zone. 
Model B, outlined in red, is the proposed dominant mechanism for the WCD Formation. 
5.2 Evaluating WCD Diagenesis using 13Ccarb
The bulk 
13
Ccarb measurements in this study include a mixture of carbonate
cements comprised of both calcite and dolomite grains as well as to a lesser extent 
fragmented pieces of carbonate allochems (Figure 7). To better evaluate if the measured 

13
Ccarb results in this study are primary or the result of subsequent diagenesis, the 
isotopic data was compared to principal component analysis of elemental abundances in 
this study (Baldwin, 2016; Ryan, 2016). Overall, two main principal components account 
for more than 60% of the variance within the data at both locations (Baldwin, 2016; 
Ryan, 2016). The first principal component (PC1), which loads positively on Ti, Al, K, Si 
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and strongly negative on Ca in both Midland and Upton Counties, is interpreted to reflect 
mineralogy as these elements represent the geochemistry of common rock forming 
minerals (Cox et al., 1995; Baldwin, 2016; Ryan, 2016) (Figure 9 and 10). The second 
principal component (PC2) displays a strong positive loading on redox elements Mo, Cr, 
Fe, and S and a strong negative loading on Al, K, and Ti in Midland and Upton Counties 
(Baldwin, 2016; Ryan, 2016) (Figures 8 & 9). Since the redox elements represented in 
PC2 are less soluble under reducing conditions (Tribovillard et al, 2006), enrichment of 
these redox elements results in rightward excursions in PC2. This may signify periods of 
increased bottom water redox within a basin (Tribovillard et al., 2006). 
We use the relationship between 
13
Ccarb and redox measurements in concert with
the sedimentary record to determine diagenetic alteration to the 
13
Ccarb  record within
WCD strata. A key relationship enabling this determination is the fact that while both 
indicators reflect changes in OM partitioning within a basin  (Algeo and Lyons, 2006; 
Tribovillard et al., 2006), redox elements in the PC2 curve are less susceptible to 
remobilization during diagenesis (Tribovillard et al., 2006).  
Overall, stratigraphic intervals where 
13
Ccarb and PC2 (redox) display a positive
correlation may record a more primary 
13
Ccarb signal reflecting OM enrichment. In
contrast, stratigraphic intervals displaying negative or no correlation may reflect 
diagenetic overprinting from bacterial or thermal processes destroying OM. An interval 
displaying evidence for diagenetic overprinting through the 
13
Ccarb and PC2 relationship
may also show a leftward spike in the PC1 curve due increased carbonate cement 
associated with the destruction of OM. Using this framework, it is possible to evaluate 
the 
13
Ccarb  record with respect to primary and secondary diagenetic processes at both
26 
localities.
Figure 7 SEM Image of mudrock lithofacies illuminating the bulk nature of 
13
Ccarb 
measurements in this study. White arrows highlight calcite cement while the pink 
arrows highlight dolomite cement. 
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Figure 8 Principal component analysis of Midland County WCD measurements (Adapted 
from Ryan, 2016).  The first principal component (PC1) which accounts for 44% of the 
variance within the dataset loads strongly positive on Al, K, Si, and Ti and strongly 
negative on Ca. The second principal component (PC2) which accounts for 23% of the 
variance within the dataset loads strongly positive on Cr, Fe, Mo, and S strongly negative 
on Al, K, and Ti. 
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Figure 9 Principal component analysis of Upton County WCD measurements (Adapted 
from Baldwin, 2016). The first principal component (PC1) which accounts for 60% of the 
variance within the dataset loads strongly positive AL, K, Si,  and Ti and strongly 
negative on Ca. The second principal component (PC2) which accounts for 21% of the 
variance within the dataset loads strongly positive on Cr, Fe, Mo, and S strongly negative 
on Al, K, and Ti. 
5.3 Controls on 13Ccarb Midland County
In the Midland County core, the bulk 
13
Ccarb measurements appear to localize
around a baseline of -2 ‰ (Figure 11). Negative 
13
Ccarb deviations from the presumed -2
‰ baseline may indicate diagenetic alternation, whereas positive deviations may reflect 
periods of OM enrichment. Within BMR-1, two positive and two negative excursions 
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have been identified. Based on the lack of correlation between the 
13
Ccarb record and
PC2 measurements, negative excursions (63 ft. - 69 ft. R
2  
= 0.00 and 87 ft. - 90 ft. R
2  
=
0.01) are interpreted to reflect intervals dominated by increasing diagenetic influence in 
comparison to positive excursions (7 ft. – 10 ft. R
2  
= 0.44 and 20 ft. – 23 ft. R
2  
= 0.32)
which are interpreted to reflect a more primary 
13
Ccarb record representing intervals of
OM enrichment. 
The sharp negative 
13
Ccarb excursions within BMR-1 at 66 ft. and 88 ft. are
interpreted to have formed from BSR during early-diagenesis. One explanation for these 
excursions may have been reduction or pause in sedimentation resulting in prolonged 
subaqueous exposure of a surface at or near the SWI. This break in sedimentation would 
then allow for diffusion of sulfate into the sediment column which would help promote 
the bacterially mediated destruction of OM and precipitation of 
12
C-rich carbonate
cement. Phosphate nodules and laminations at these intervals also support this 
interpretation because slow sedimentation allows for the concentration of phosphate in 
the sediment column from the bacterially mediated destruction of OM (Heckel, 1977; Li 
and Schieber, 2015).  
Sharp negative 
13
Ccarb excursions within the GMR and CARB lithofacies are also
interpreted to have resulted from BSR during early-diagenesis. From a process 
standpoint, the episodic nature of carbonate transport into the basin during sea-level 
highstand may have allowed for prolonged subaqueous exposure of surfaces at the SWI. 
In this scenario, debris flows and/or turbidity currents would have transported 
allochtonous GMR or CARB beds into the basin from surrounding carbonate source 
areas. After deposition, a reduction in sedimentation would have allowed for both OM 
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concentration at the SWI and the diffusion of sulfate into sediment column, resulting in 
the production of 
12
C rich carbonate cement (Scholle and Arthur, 1980; Taylor and
Macquaker, 2011).  
Figure 10 shows an SEM image of the 10ft. (CARB) interval showing extensive 
calcite cement and pyrite. Based on the anomalously negative (-8.5‰) 
13
Ccarb
measurement, the abundant pyrite, and absence of late–diagenetic minerals, this cement is 
interpreted to have formed from the destruction of OM during BSR. Additionally, 
macroscopic sedimentary features observed in hand sample, including pyrite laminations 
and bioturbation, also support the notion that this carbonate bed may have been exposed 
sub-aqueously at or near the SWI for a prolonged period.   
Figure 10 Modified from Reis, 2018. 500 µm BSE image showing a pyritized burrow 
(white box) within a thin-bed CARB interval at the 10 ft. The sharp negative 
13
Ccarb
excursion combined with extensive calcite cementation and pyrite support the 
interpretation that this interval was cemented during early-diagenetic BSR. 
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5.4 Controls on 13Ccarb Upton County
A more primary 
13
Ccarb signal reflecting the enrichment of OM within BMR-1
measurements should result in more positive 
13
Ccarb values compared to other lithofacies
within the core. This is because elevated productivity and preservation conditions 
associated with BMR-1 deposition result in the burial of 
12
C enriched OM. In Upton
County, the absence of positive BMR-1 
13
Ccarb values in comparison to other lithofacies
is interpreted to reflect a lack of OM enrichment (Figure 13). This lack of OM 
enrichment may have resulted from more oxic Upton County bottom waters, facilitating 
the destruction of OM (Sageman, 2003) and production of 
12
C enriched carbonate
cements.  
The geochemical profile of redox elements commonly used to interpret bottom 
water oxygenation conditions also support more oxic bottom waters in Upton County in 
comparison to Midland County. Since average values for redox indicators (V and Cr) 
within BMR-1 are lower in Upton County in comparison to Midland County, it can be 
interpreted that there was less bottom water redox in Upton County (Table 4). Although 
the average Mo values (another common redox element) within BMR-1 are slightly more 
enriched in Upton County in comparison to Midland County, the position of the Upton 
County Core closer to the ETPO may have led to the constant recharge of Mo from the 
ETPO and a reduction in aqueous marine Mo supply at the Midland County locality 
(Algeo and Lyons, 2006). Additionally, Mn (a common bottom water oxygenation 
indicator) concentrations (Sageman, 2003; Tribovillard, 2006), also indicate greater 
bottom water oxygenation in Upton County in comparison to Midland County (Table 4).  
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Much like Midland County, sharp negative 
13
Ccarb excursions in GMR and
CARB intervals are interpreted to have occurred from BSR during extended duration 
early-diagenesis. This interpretation is supported by sedimentary features including pyrite 
present in hand sample at 26 ft., 29 ft., and 55 ft. as well as the presence of burrows at 26 
ft. and 29 ft. Additionally, anomalously 
13
Ccarb  negative values of -12.0 ‰ (26 ft.), -9.0
‰ (29 ft.), and -11.5 ‰ (55 ft.) are also consistent with this interpretation (Irwin and 
Curtis, 1977).  
There is also evidence for BSR during early-diagenesis in extensive calcite 
cementation and abundant pyrite present in an SEM image from 29 ft. interval (Figure 
12). The lack of ferroan dolomite, a common diagenetic mineral associated with late 
stage burial diagenesis and methanogenesis (Lazar et al., 2015) at this interval also 
precludes other diagenetic processes. 
Two overarching cycles emerge when looking at the 
13
Ccarb record in Upton
County. The first cycle (40 ft. - 80 ft.) shows a gradual reduction in 
13
Ccarb and records
two instances interpreted to reflect increasing diagenesis and resultant destruction of OM 
within BMR-1 (41 ft. - 46 ft. and 60 ft. - 70 ft.). This is because of the general lack of 
covariation between the PC2 curve and the 
13
Ccarb  record at these intervals (41 ft. - 46 ft.
R
2 
= 0.06 and 60 - 70ft. R
2 
= 0.10).
The second cycle (0 ft. - 40 ft.) records a gradual positive shift in 
13
Ccarb where
the bulk of 
13
Ccarb values are greater than -2 ‰. Typically, positive excursions in 
13
Ccarb
are associated with periods of elevated OM burial. In the absence of supporting PC2 
evidence for OM burial, one factor that may have contributed to the elevated 
13
Ccarb
measurements in this cycle may have been a decrease in bioavailable OM which would 
34 
limit production of carbonate cements rich in 
12
C (Figure 11). The systematic shift from
BMR-1 to more BMR-2, GMR, and CARB dominated lithofacies in this cycle supports 
this interpretation as well because these lithofacies typically contain less OM in 
comparison to BMR-1. 
Table 4 Enrichment factors within BMR-1 in Midland and Upton County 
Indicator Midland County Upton County 
Average BMR-1 
Cr Enrichment Factor 
4.7 3.0 
Average BMR-1 
Mo Enrichment Factor 
31.1 32.1 
Average BMR-1 
Mn Enrichment Factor 
0.4 0.7 
Average BMR-1 
U Enrichment Factor 
9.8 6.5 
Average BMR-1 
V Enrichment  Factor 
2.7 2.1 
35 
 
 
  
Figure 12 200 µm BSE image of a thin-bed CARB interval at 29 ft. The anomalously 
negative 
13
Ccarb value (-9.0 ‰) combined with the pyritized burrow (white box) and 
extensive calcite cement support the interpretation that this interval formed during 
early-diagenetic BSR. 
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5.5 Controls on OM enrichment Midland vs Upton County 
Greater than 35% of Upton County TOC wt% measurements fall between 0-1%.  
This is in stark contrast to Midland County where less than 10% of TOC wt% 
measurements fall between 0-1% (Figure 14). Midland County TOC wt% measurements 
are also higher on average, particularly within the BMR-1 lithofacies, as TOC wt% 
measurements in Midland County range from 2.2% to 7.8% with an average TOC wt% of 
5.2%. In contrast, Upton County TOC wt% measurements within BMR-1 range from 
0.7% to 5.7% with an average TOC wt% of 3.1%. Since OM enrichment is a function of 
productivity, preservation, and dilution (Sageman, 2003; Bohacs et al., 2005), differences 
in TOC measurements between the two locations may be attributed to any one or a 
combination of the three factors. 
The 
13
Ccarb record and other geochemical measurements have shown that Upton
County bottom water conditions were more oxic and less amenable to the preservation of 
OM compared to Midland County (Table 4). One possible explanation for this may have 
been the seafloor bathymetry of the Midland Basin during the Late Pennsylvanian and the 
Upton County core’s possibly more shallow position within the basin relative to Midland 
County. A shallower water column may have contributed to a less established pycnocline 
making the Upton County water column more susceptible to periodic vertical mixing 
with more oxygenated waters in the photic zone (Heckel, 1977). Additionally, Upton 
County’s more proximal position to the Central Basin Platform may have also led to 
more dilution in the form of thicker carbonate gravity flows. These gravity flows have 
not only been shown to introduce more oxygenation (Reis, 2018), but likely also shifted 
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the balance towards inorganic carbon flux reducing the ratio of organic carbon burial 
(Jarvis et al., 2002). 
Evidence also exists for differences in productivity between Upton and Midland 
County. In particular, since phosphate nodules may signify elevated productivity, 
increased relative size and frequency of Midland County phosphate nodules (<1 in. – 4 
in. in Midland County in comparison to 0.5 in. - 1.0 in. in diameter in Upton County) 
may reflect an increase OM export from a more productive Midland County photic zone. 
One mechanism for this may have been upwelling within the basin leading to the 
recycling of more nutrient-rich Midland County bottom waters being to the photic zone. 
In particular, since the Midland County locality was enriched in authigenic phosphate, 
upwelling may have promoted more productivity by providing bio-limiting phosphate to 
the photic zone.  
Figure 14 Histogram of TOC wt% measurements in Midland and Upton Counties 
(McGlue, 2016). Less than 10% of TOC wt% measurements in Midland fall between 0-
1% in comparison Upton County where 35% of measurements fall between 0-1%.  
Midland County TOC wt% measurements are also higher on average  with a larger 
percentage of  TOC wt% values spread out between 1-9% in  comparison to Upton 
County. 
5.6 Stratigraphy 
The second goal of this research was to determine the utility of the 
13
Ccarb record
as a correlative tool within the WCD.  To that end, the 
13
Ccarb record was plotted vs
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measurements from the spectral gamma ray, a variant of the downhole tool commonly 
used to make correlations within a basin. Figure 15 shows that the 
13
Ccarb  record differs
from gamma ray measurements in its ability to capture carbon cycling and diagenetic 
changes within the basin. While alteration to the primary 
13
Ccarb record may make
correlation more challenging, intervals of prolonged early-diagenesis can often be 
associated with significant stratal surfaces that can be used for correlation within a basin 
(Taylor  et al., 1995; Macquaker et al., 2007; Aplin and Macquaker, 2011).  
Four different stratigraphic intervals have been highlighted for their similarity in 
both cores. I propose that these intervals may either represent (1) chronostratigraphic tie 
points within the basin or (2) diachronous localized reduced or non-deposition at the 
Upton or Midland County localities.  
The first interval, I1, occurs in a GMR (55 ft.) in Upton County and a BMR-1 (66 
ft.) in Midland County (Figure 16). The similarity of the 
13
Ccarb record before sharp
excursions in both locations indicates that the paleo-environmental conditions affecting 
both cores may have been synchronous in nature. Additionally, negative 
13
Ccarb values of
-11.5 ‰ (55 ft.) in Upton County and -9.7 ‰ (66 ft.) in Midland County require an
extended pause or reduction in sedimentation to allow for the transportation of OM and 
sulfate to reaction sites at the SWI. This assertion is also supported by a leftward spike in 
PC1 signifying extensive cementation as well as abundant pyrite nodules in the GMR 
(Upton County) and phosphate nodules in BMR-1 (Midland County).  
Interval 2 (I2) and interval 3 (I3) are defined by a sharp negative 
13
Ccarb
excursions in carbonate lithofacies in both Upton and Midland Counties (Figure 16). 
Much like I1, negative 
13
Ccarb values of -12.0 ‰ (26 ft.) and -9.0 ‰ (29 ft.) in Upton
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County and 15.6 ‰ (29 ft.) and -11.4 ‰ (40 ft.) in Midland County require an extended 
pause or reduction in sedimentation to allow for the transportation of OM and sulfate to 
reaction sites at the SWI. The presence of burrows in both cores as well as early-
diagenetic pyrite also indicate these stratal surfaces may have been exposed sub-
aqueously at the SWI for prolonged periods.  
The final correlation, I4, is characterized by a gradual negative 
13
Ccarb excursion
of around -3.9 ‰ (6 ft.) in Upton County and a sharp negative 
13
Ccarb excursion with a -
8.5 ‰ (10 ft.) in Midland County (Figure 16). Both excursions are interpreted to be early-
diagenetic in nature, although the extent of the peak size is not similar in both core. Thin 
section images from both cores support this interpretation, showing extensive carbonate 
cement as well as pyrite. The discrepancy in 
13
Ccarb excursions may reflect the amount of
time spent at or near the SWI. Given the proximity of the Upton County to the CBP, it is 
plausible that the frequency of gravity flows may have limited the amount time the 
surface at 6 ft. spent at the SWI.  
Thin, laterally-extensive cemented intervals similar to ones in this study have 
been observed elsewhere (Taylor et al., 1995; Taylor and Macquaker, 2014). In this 
study, evidence for regional stratal surfaces include (1) the early-diagenetic nature of the 
surfaces reflected in the aforementioned 4 intervals, (2) the magnitude of  sharp negative 

13
Ccarb excursions associated with them, and (3) the fact that the I1 interval is supported 
by a wireline correlation provided by Pioneer Natural Resources. 
Most of the correlations proposed in this study occur within similar lithologies. 
The I1 interval is unique because it proposes the correlation of two separate lithologies 
that occupy differing positions on the sea level curve within depositional model. This 
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signifies that the BMR-1 interval (66 ft.) in Midland County is the downdip basinal 
equivalent of the GMR interval (55 ft.) in Upton County closer to the CBP. A larger 
implication of this is that in addition to glacioeustacy as the dominant control on 
deposition within this interval, there was likely a secondary spatial control on lithofacies 
deposition as well.  
Although the 4 intervals proposed as correlations may reflect regional basin-wide 
periods non-deposition and prolonged subaqueous exposure of a surface at or near the 
sediment water interface, it is also plausible the physical processes acting on these 
surfaces may not have been present on a regional scale within the basin and instead may 
have been quite localized in nature. This would make these surfaces diachronous in 
nature and not suitable for use in correlations. In the absence of more core in this study, it 
is difficult to determine the regional extent of these surfaces. 
Figure 15 Spectral gamma ray vs. 
13
Ccarb  measurements at the Midland and Upton
County localities. The spectral gamma ray captures changes in natural radioactivity 
within the formation, often these changes correspond to lithology. The 
13
Ccarb
measurements capture changes in carbon cycling, where more positive  
13
Ccarb values
represent OM burial events whereas more negative 
13
Ccarb values represent intervals
dominated by diagenetic alteration. 
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6 CONCLUSIONS 
This study highlights the usefulness of applying a joint XRF - 
13
Ccarb approach
when analyzing mud-rich successions. A framework was developed where more positive 

13
Ccarb measurements and a co-variation between PC2 and 
13
Ccarb measurements can be
interpreted to reflect OM enrichment within a basin. In contrast, more negative 
13
Ccarb 
measurements and lack of co-variation between PC2 and 
13
Ccarb measurements may be
interpreted to reflect increasing diagenesis and associated destruction of OM. 
Additionally, sharp negative 
13
Ccarb excursions may signify prolonged subaqueous
exposure of a surface at or near the SWI during early-diagenesis. These intervals are 
often accompanied by more carbonate influence within the PC1 curve, signifying 
elevated cementation. 
Using this framework, it is evident the Midland County locality is characterized 
by increased preservation conditions and possibly increased productivity in comparison 
to Upton County. This interpretation is also supported by differences in relative 
abundances of redox-sensitive elements and TOC wt%, as well as differences in relative 
phosphate nodule frequency and morphology within the two cores.  
Four (< 6 in.) early-diagenetic intervals in both Midland and Upton counties have 
been interpreted to signify prolonged periods of reduced or non-deposition. Evidence 
these intervals reflect regional chronostratigraphic surfaces within the basin include 
petrophysical correlations provided by PXD as well similarities in the 
13
Ccarb record at
both the Midland and Upton county localities. 
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Although none of these correlations reflect a primary 
13
Ccarb signal, the near
instantaneous nature of the early-diagenetic processes, coupled with magnitude and 
infrequency of sharp negative 
13
Ccarb excursions, suggest that these intervals may signify
regional surfaces of reduced or non-deposition within the basin. Future work on more 
Midland Basin WCD core will be needed to determine the regional extent of surfaces 
proposed for correlation in this study. 
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